ABSTRACT Comparative electrophysiological and histological studies were made on the functional significance of the secondary iris pigment migration for the sensitivity of the eye in the noctuid moth Cerapteryx grarninis. The pigment position at different adapting light intensities was studied as well as the influence of different positions on the sensitivity of the eye. Adapting light intensities above a certain value hold the pigment in light position. At a 3 log units lower intensity the pigment is brought into dark position and at light intensities between these limiting values the pigment attains intermediate positions. The results indicate that at light intensities between the limiting values the pigment shifts closely follow the changes in intensity of the environmental light. With the pigment in dark position the eye is about 1000 times more sensitive than when the pigment is in light position, there being a close relationship between the sensitivity of the eye and the position of the pigment at intermediate positions.
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In retinae containing pigment which migrates under the influence of light (Garten, 1907 ) the temporal course of dark adaptation is likely to be more or less influenced by the positional changes of the migratory pigment. In arthropods the eyes show a great variety of pigment arrangements (Parker, 1932) , such as intraretinular pigment, basal pigment in the region where the nerve fibers penetrate the basement membrane, primary iris pigment in distal pigment cells situated around the crystalline cones, and finally, secondary iris pigment within large proximal pigment cells which like wedge-shaped pillars surround the crystalline cones and the translucent filaments connecting the crystalline cones and the rhabdome. The organization of the intraretinular pigment in the Limulus eye has been described in recent investigations by Miller (1958) who showed radial displacements of the pigment granules due to illumination. A complex form of compound eye like that of Astacusfluviatilis, for example, exhibits marked longitudinal displacements of both the basal and the retinular pigment as well as of the iris pigment (Bernhards, 1916) . The basal pigment in day-flying insects, e.g. butterflies, shows very slight movements in response to illumination (see Demoll, 1909) , and the same seems to be the case for the distal pigment of the butterflies (Demoll, 1909; . As judged by recent investigations on Sympetron (Bernhard, H6glund, and Ottoson, 1963) , these movements do not seem to have any significant influence on the sensitivity curve during dark adaptation. In the eyes of the noctuid moths, which, besides having the primary iris pigment and basal pigment are equipped with secondary iris pigment, a very marked longitudinal migration of the secondary pigment occurs under the influence of light (Wigglesworth, 1953) .
In recent investigations it has been shown that the compound eye of night moths offers an excellent model for a study of the influence of pigment migration on the sensitivity of the eye (Bernhard and Ottoson, 1959 a and b, 1961 , 1962 Bernhard, H6glund, and Ottoson, 1963) . In these investigations the relation between the position of the secondary iris pigment and the changes in threshold of the retinal potential during the course of dark adaptation was studied in night moths. A biphasic dark adaptation curve was found Ottoson, 1959, 1960 a) and it was shown that there is a correlation between the second phase of the dark adaptation curve (see Fig. 1 A) and the positional changes of the secondary iris pigment from light position (see Fig. 1 C) to dark position (see Fig. 1 D) during dark adaptation. This type of dark adaptation curve could also be demonstrated in other species equipped with secondary iris pigment of the same type as that of the noctuid Lepidoptera but was never found in the compound eyes of day-flying insects lacking secondary iris pigment. When, as a consequence of strong illumination of long duration or due to impairment of the preparation by the dissection procedure, the migration was blocked so that the pigment remained in light position, the second phase of the dark adaptation curve was not obtained Ottoson, 1959, 1960 a; Bernhard, H6glund, and Ottoson, 1963) . It was also found that a prerequisite for the appearance of the second phase is that the pigment be brought into light position before letting the eye dark-adapt; i.e., that this phase is lacking when dark adaptation follows illumination of too short duration to bring the pigment into light position (H6glund, 1963) . It has also been found that there is not always a clear temporal separation of the two phases of the dark adaptation curve. Thus, due to the fact that the latency of the pigment migration in many species is short, the two phases may be fused (Bernhard, H6glund, and Ottoson, 1963) .
Among the different species of the night moths so far tested, Cerapteryx graminis offered the most favorable preparation for the study of the relation between the positional changes of the secondary pigment and the sensitivity to light during dark adaptation because of the clear temporal separation of the two phases of the adaptation curve (see below and Fig. 1 A) . Therefore this species was also used in the investigations to be presented.
T h e aim of the present investigation was to obtain further information concerning the influence of migration on the sensitivity of the eye by studying the position of the pigment and the light sensitivity at different adapting light intensities.
M A T E R I A L AND M E T H O D S
The experiments were carried out on excised heads of fresh specimens of the night moth Cerapteryx graminis. The procedure used for leading off the electrical retinal response and the electrophysiological and illumination equipment were the same as used T
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As seen, no second phase appears, the threshold remaining at the plateau level during 18 minutes, i.e., as long as the adapting light was on. That the lack of the second phase is not due to impairment of the eye is shown by the fact that there is a sudden fall in the threshold as soon as the adapting light is turned off and the eye is kept in darkness (marked by the black horizontal column at the bottom of the diagram). On the basis of the results referred to
above the conclusion would be that the relative intensity of the adapting light ( -3 . 4 ) was not low enough to allow any positional change of the pigment. It should also be noted that, whereas the second phase of the dark adaptation curve has an average latency of 7 minutes when the eye had been kept in bright light (relative intensity -1 ) , the fall in threshold appears without appreciable delay when darkness follows after an adapting light of lower intensity, as shown by curve B. The conclusion would be that the pigment retraction tends to start after a considerable delay after exposure of the eye to bright light, whereas the pigment migration begins without appreciable delay when the eye has been exposed to a lower light intensity, in this case a relative intensity of -3.4.
As seen in Fig. 2 an exposure of the eye to light with a slightly lower intensity (relative intensity -4 ) after preadaptation to bright light was not followed by any second phase either. When the dim light was turned off there was an instantaneous further fall in threshold. The diagram in Fig. 3 shows that by using an adapting light of slightly lower intensity (relative intensity -4.6) the second phase of the dark adaptation curve was obtained. The second fall, however, only covers less than one log unit which would indicate that at this intensity of the adapting light there is only a partial pigment retraction. Dark- ness is then followed by the usual fall in threshold indicating completion of the pigment retraction.
The lower the intensity of the adapting light, the more pronounced is the second phase as seen in the next two figures (Fig. 4 , relative intensity -5.2; and Fig. 5 , relative intensity -6.4). Finally, when the eye is exposed to light with the relative intensity of -7 after preadaptation to bright light, an optimal second phase develops (Fig. 6) . Thus, the turning off of this dim light is not followed by any further fall in the curve, which would indicate that full pigment retraction occurs at this low light intensity as in total darkness.
The graph in Fig. 7 shows the relation between the final threshold values obtained during the second phase of the adaptation curves and the various adapting light intensities used. As mentioned the threshold curves obtained Threshold changes during exposure to dim light of relative intensityfollowed by darkness.
at adapting light intensities above -4 did not show any second phase. At adapting light intensities between -4 and -7 the second phase of the adaptation curve increased successively and intensities below -7 were not followed by any further increase of the second phase. 
From the results presented above the conclusions would be (a) that in order to start pigment retraction from the light position, the eye has to be exposed to light with intensities below a certain value (in our experiments relative intensity -4 ) and (b) that full pigment retraction is obtained at a certain intensity (relative intensity around -7 ) . Exposures of the eye to intensities between these values would thus be expected to result in intermediate pigment positions.
In order to test the validity of these conclusions, experiments were made in which the position of the pigment was studied histologically after the eyes had been exposed for 40 to 50 minutes to adapting light of different intensities. The results of such a study are presented in Fig. 8 in which the position of the proximal border of the pigment in relation to light position is plotted in microns against the various intensities of the adapting light used. As seen, the pigment stayed in light position at intensities above -4 , intermediate positions were found between -4 and -6.6, and at intensities below -7 the dark position was obtained. Fig. 9 , finally, shows the relative sensitivity of the eyes at various pigment positions. The logarithm of threshold intensity is plotted against position in microns of the proximal border of the pigment at positions between the light and dark position, the light position being taken as zero. A shift of the pigment from extreme light position to dark position covering on an average 90 to 100/z increases the sensitivity about 1000 times. If the sensitivity is logarithmically related to the position of the proximal border of the pigment, as suggested by the curve, it would mean that a pigment shift of 30 # towards dark position increases the sensitivity about 10 times.
D I S C U S S I O N
According to Tuurala (1954) the compound eye of Cerapteryx graminis is to be regarded as a typical noctuid superposition eye with iris and basal pigment cells and no intraretinular pigment. With the histological methods used no significant positional changes of the basal pigment could be seen under the influence of light, whereas there were pronounced longitudinal migratory movements of the secondary iris pigment (see Fig. 1 C and D) . In light position the pigment surrounds the translucent filaments connecting the crystalline cones and the retinular cells and in dark position it is retracted proximally into the spaces between the crystalline cones together with the primary iris pigment. The proximal border of the secondary iris pigment moves on the average 90 ~ from light position to dark position.
It is known that in the night moth eye, the position of the secondary iris pigment varies according to the intensity of the light to which the insect is subjected, as shown by Collins' (1934) investigations on the codling moth (cJ. Day, 1941 , on Ephestia kuehniella). Our histological studies on Cerapteryx graminis show that at light intensities above a certain value (relative intensity referred to as -4 ) the pigment remains in light position and that below a certain value, representing about 3 log units lower intensity, it stays in dark position. The diagram in Fig. 8 , showing the relation between the degree of pigment retraction and adapting light at intermediate intensities, indicates the precision with which the iris pigment attains varying positions depending on the intensity of the environmental dim light. It has earlier been shown on the same species that there is a close correlation between the post-illuminatory threshold and the pigment position during the second phase of the dark adaptation curve (Bernhard and Ottoson, 1959 b, 1962 ; see Fig. 1 ). The functional significance of the migration of the secondary iris pigment for the stimulating power of the illumination is also illustrated by the diagram in Fig. 9 showing the relation between the degree of pigment retraction and the threshold for response at adapting light intensities between the relative intensities -4 and -7 , at which the pigment is brought into varying intermediate positions. It is likely that the vital activities of this species at the light intensities above, between, and below these two limiting values are different. According to investigations on the codling moth the state of adaptation is a prominent factor in the behavior of the insects (Collins, 1934) .
It has been assumed that the migration of the secondary iris pigment merely effects a variation of the light which is transmitted to the photosensitive parts of the receptor ceils, In this context it should be noted that the pigment surrounds the transparent filaments distal to the region of the photosensitive
parts of the retinular cells. If the translucent filaments are assumed to possess wave guide properties, positional changes of the pigment surrounding the filaments may change these properties. Actually, Kuiper (1962) has suggested that the pigment system of the type described acts as a longitudinal pupil. As also pointed out by Kuiper (1961) the data obtained in studies on the relation between pigment migration and light sensitivity (Bernhard and Ottoson, 1960 b) are in agreement with such a theory.
As to the question concerning a humoral and/or nervous or direct regulation of the pigment movements, different opinions have been expressed. In certain crustaceans the retinal pigment movements are hormonaUy governed by an eye stalk gland (Kleinholz, 1936 (Kleinholz, , 1938 Welsh, 1939 Welsh, , 1941 . To the authors' knowledge no such regulating mechanism has been found in insects. Negative results on night moths have been reported by Day (1941) on the basis of injection experiments with sinus gland extracts on F_,phestia kuehniella. Day (1941) concluded that the positional changes are controlled by a nervous mechanism. According to him the migration into dark position cannot be induced in Ephestia after transection of the optic tract. On the other hand Tuurala (1954) reports that iris pigment migration can be induced in the eyes of Tolera and F/phestia after resection of the ganglion and concludes that the positional changes of the iris pigment due to illumination are mediated independently of neuronal and humoral influences. This finding has been confirmed by H6glund (1963) who also demonstrated that the pigment migrates after the ganglionic activity is blocked by nicotine or cocaine.
The fact that after complete damage of the regulatory mechanisms of the pigment migration by dissection (Demoll, 1911; Day, 1941) , narcotics (Day, 1941) , or "overillumination" Ottoson, 1960 b, 1962) , the pigment stays irreversibly in light position indicates that the movement into dark position represents an active phase. In this context it should be noted that in Cerapteryx graminis the pigment migration has a surprisingly long latency after illumination with bright light and this observation does not speak in favor of a simple nervous control. It is also interesting to note that after preillumination with light of lower intensities the sensitivity changes due to pigment retraction start without appreciable delay (Fig. 1-5 ). Obviously the positional changes of the pigment readily follow slight variations in the brightness of the environmental light at intensities at which this insect is expected to exhibit its highest vital activity.
